We report on the nanofabrication of patterned silver particle arrays using electron-beam lithography and the evaluation of their optical properties using backscattering and fluorescence spectroscopy. The silver particles varied in size from 100 to 250 nm and were in the shape of circles, squares, and triangles. Three inter-particle separations, 40, 65, and 90 nm as measured from the side of one particle to the side of the next particle, were used. We observed distinctive patterns of backscattering and fluorescence intensity depending on the particle size, inter-particle spacing, and excitation/emission wavelength used. Our approach allows for a study of the correlation between the backscattering intensities and fluorescence enhancement of silver particle arrays, which can be used to optimize the arrays for multi-fluorophore configuration for advanced sensing designs.
INTRODUCTION
At present, there is a strong interest in the unique optical properties of metallic nanostructures. Metallic nanoparticles have the ability to couple light to resonance plasmon oscillations, resulting in strong local field enhancements. Many theoretical and experimental studies of the optical properties of noble metal particles have been carried out, particularly relating to field enhancement and the possibility of tuning the plasmon resonance wavelength. Studies have been reported on single particles, [1] [2] [3] [4] [5] [6] [7] [8] nanoparticle clusters, 7-10 metallic nanoshells, 11 nanocavities, 12 and two-dimensional arrays. [13] [14] [15] [16] [17] It has been demonstrated that the wavelength position and amplitude of plasmon extinction spectra depend strongly on the geometrical configuration of the particles. An increase in the size of the nanoparticle results in a red-shift and broadening of the extinction spectra. 5, 7, 8, 13, 14, 17 Decreasing the inter-particle separation causes the collective properties of the particle ensemble to result in a blue-shift as well as in a red-shift, compared to the single particle plasmon spectrum. 7, 9, 10 The direction of the wavelength shift is dependent on the orientation of the polarization of the incident light relative to the particle configuration. 7, 8, 15, 21 An important field for the application of optical properties of metallic nanostructures is using them with fluorescent probes for surface-enhanced spectroscopy and biosensing. There are many experimental reports on large fluorescence enhancements due to surface plasmon resonance (SPR). [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Most of the experiments on surface-enhanced fluorescence have been performed using roughened metallic surfaces fabricated by wet chemical deposition of silver islands, with a plurality of particle sizes and various surface densities. While such metallic surfaces displayed substantial fluorescence enhancement, there is no clear, conclusive data that correlates the geometrical properties of metallic particles with the spectral properties of the fluorophores. It has been shown that fluorescence enhancement can be obtained in the spectral range from the ultraviolet (UV) to the near infrared (NIR) with silver islands. [22] [23] [24] While the silver islands or colloids can be easily fabricated and readily applied to biosensing applications, there is a lack of information on the optimal conditions for the best enhancement with particular fluorophores. More recently, advanced lithographic techniques were used that allowed precise control of the particle shape and size, as well as inter-particle separation. Nanosphere lithography (NSL) has successfully been used to fabricate tetrahedron-shaped silver particles of various sizes and with various aspect ratios. 14, 31 In the NSL technique, a monolayer of polystyrene spheres coated on a substrate acts as a deposition mask. Although NSL is an efficient method for patterning large areas, it is limited in the design of a variety of particle shapes and the fine-tuning of inter-particle separation. Electron-beam (e-beam) lithography (EBL) has become the method of choice for fabricating single or periodic arrays of metal nanoparticles in desired shapes, sizes, and periodicities. 9, 13, 15, 17, 28 EBL is versatile and provides high resolution and precise control over the geometry and separation of nanostructures; structures of approximately 20 nm are routinely generated. The EBL technique provides the means to fabricate an array of Ag particles with diameters and inter-particle separations as small as 50 nm and 15 nm, respectively. 28 The theoretical work on the characterization of optical properties of metallic particles and experimental data on twodimensional arrays motivated us to fabricate metallic arrays and evaluate them with fluorescence probes in a sensing format typically used in surface-based immunoassays and DNA microarrays. This real-world configuration for fluorometric sensing includes metallic particles deposited on a dielectric substrate (glass) coated with biomolecules labeled with fluorophores and embedded in aqueous buffer. We are aware that the theoretical explanation of our approach is more complex than those cases provided in current theoretical calculations. The complexity of potential calculations includes several additional parameters such as properties of fluorescent probes that are known to change their spectral properties when near a metallic surface, 18, [22] [23] [24] [25] [26] a dielectric non-homogeneous environment, particle-particle interactions, and distance from the metal surface. The important aspect of our work is to incorporate fluorescence probes into plasmonic nanostructures with collective optical phenomena. We believe that our approach, using many geometrical configurations of particles and two distinct wavelengths, provides data that will stimulate theoretical as well as experimental work and will provide a better understanding of the effects of plasmon resonance on fluorescence. In addition, this approach will lead to an optimal and rational design of nanoscale plasmonic devices for fluorescence-based sensing.
In this report we investigate metal-enhanced fluorescence (MEF) using silver particle arrays fabricated by e-beam lithography. It is widely thought that the maximum fluorescence enhancement will be obtained if the fluorophore's spectral properties overlap with a particle plasmon spectrum. The EBL technique allowed us to fabricate a wide range of geometrical configurations to be investigated in a wide range of excitation/emission wavelengths. We have chosen to deposit silver particles of sizes between 100 and 250 nm, expecting effective plasmon resonance in the wavelength range of 400-800 nm. 17 This spectral range is widely used in fluorescence sensing. Additional motivation for depositing large sized nanoparticles is driven by the interest in using fluorescence enhancement in the NIR wavelength range with laser excitation of 635 nm and above. A previous report on Ag arrays, including fluorescence probes, 28 indicated that closely spaced particles, 40 to 140 nm (side to side), resulted in the highest fluorescence enhancements. In this respect, closely spaced silver particles were fabricated with expanded particle sizes of up to 250 nm in three shapes, squares, circles, and triangles. In our case, the particle arrays were covered with a uniform submonolayer of biomolecules labeled with fluorophores.
METHODS
Preparation of Particle Arrays. Arrays of different shapes and geometrical patterns of Ag nanoparticles were fabricated with e-beam lithography at Penn State Nanofabrication Facility. The bi-layer resist PMMA/P(MMA-MAA) (poly methylmethacrylate)/poly methylmethacrylate-co methacrylate acid) was spin-coated on a glass coverslip and then exposed to the ebeam. After the development of the resist, Ag was deposited with an effective thickness of 75 nm in a high-vacuum Kurt Lesker thin film vapor deposition system. After this, the remaining silver was removed by the lift-off procedure, giving an array of Ag nanoparticles. We have prepared arrays that consist of a large number of combinations of particle sizes and inter-particle separations (sub-arrays). The patterns made consisted of sub-arrays, each with an area of 5 lm 3 5 lm, with a specific combination of particle shapes, sizes, and interparticle separations. The resulting silver nanoparticles varied in size from 100 nm to 250 nm and the inter-particle distances were 40, 65, and 90 nm as measured from side to side. Figure 1 shows a schematic of the geometry of a Ag array with 21 subarrays. Three particle shapes were fabricated, square, circular, and triangular, with thicknesses of 75 nm.
Scanning Electron Microscopy Measurements. The geometrical morphologies of the silver nanoparticle arrays were then examined with a Leo 1530 field emission scanning electron microscope (FE-SEM). To avoid the charging effects of imaging on glass, two identical sets of Ag particle arrays were fabricated on each coverslip, then one part of the substrate (having one of the two identical Ag arrays) was coated with a 10 nm layer of aluminum prior to SEM imaging. This aluminum layer helped us obtain high resolution images because it dissipated the charge that builds up during imaging on insulating surfaces such as glass. Figure 2 shows the SEM images of the selected whole sub-arrays and high magnification of triangular and square particles. Detailed parameters of the design and fabrication output determined from SEM are summarized in Table I and indicate a high precision of e-beam lithography for fabrication of metallic nanostructures.
Substrate Preparation with Biochemicals. Two IgG conjugates with fluorescein isothiocyanate (FITC) and with Cy5 were used for enhanced fluorescence studies. The goat anti-mouse IgG-FITC and IgG-Cy5 were purchased from Southern Biotech (Birmingham, AL). Silver arrays were incubated with an equimolar aqueous mixture of IgG conjugates providing a monolayer of protein adsorbed on the surface of the glass and silver arrays. The unbound IgG conjugates were removed with gentle dilution with phosphate buffer, pH 7.4.
Spectroscopic Measurements. Backscattering (reflectance) and fluorescence images were acquired using confocal laser scanning microscopy (CLSM 510 Zeiss, Gottingen, Germany). A high magnification objective of 1003, NA 0.95 (Olympus, LMPlanFl) was used. An air-cooled argon ion laser was used for the excitation of IgG-FITC with a wavelength of 488 nm. A HeNe laser with a wavelength of 633 nm was used for excitation of IgG-Cy5. The estimated microscope spatial resolution (0.61 k/NA) is estimated as 313 nm for 488 nm FIG. 1. Geometry of a silver array with three inter-particle separations (40, 65, and 90 nm from side to side) and seven particle sizes from 100 to 250 nm. The particle thickness was 75 nm. and about 406 nm for 633 nm. Based on these resolutions, we estimated the number of particles that were illuminated at one time during the scanning for two representative sub-arrays. For the sub-arrays consisting of particles with a size of 100 nm and inter-particle spacing of 40 nm, approximately five and ten particles were illuminated at one time with excitation of 488 and 633 nm, respectively. For sub-arrays with a particle size of 250 nm and inter-particle spacing of 90 nm, approximately one and two particles were illuminated at wavelengths of 488 and 633 nm, respectively. The excitation laser beam passed through the glass substrate to induce the particle plasmon resonance and to excite the fluorophores.
Backscattering images were collected at attenuated excitation intensity (laser powers less than 0.5 mW) to avoid potential photobleaching of the dyes. Measurements of fluorescence images were taken at the appropriate wavelength ranges for the selected dyes. Emission of the FITC was observed through a bandpass filter of 500-550 nm, and Cy5 emission was observed through a long-pass filter above 660 nm. Dichroic mirrors were used to eliminate the excitation light from the detector. Fluorescence images were acquired at higher laser powers (10-50 mW) tuned with an acousto-optical filter. The estimated dwell time during laser scanning was about 230 ls per pixel and no appreciable photobleaching was observed up to five scans. Figure 3 illustrates the geometrical configuration of the experimental setup. This excitation and observation geometry is dictated by our interest in biotechnology applications of plasmonic structures.
RESULTS AND DISCUSSION
Optical Properties of Silver Arrays Using Backscattering Measurements. Figure 4 shows the images of the backscattered incident light (left) and a detailed analysis of the backscattering light of each Ag sub-array (right). The intensity of backscattered light was calculated using data from three replicates of each Ag sub-array relative to that from the glass area (area between the sub-arrays). As expected, the amount of light backscattered from the particular sub-array is dependent on the size of the particles and the inter-particle separations. The backscattering is larger if particles are closer together; a spacing of 40 nm results in consistently higher backscattering than spacing of 65 and 90 nm. More complex dependence of backscattering is observed due to the variation of particle size. A maximum of backscattering is observed at specific sizes and shapes of the particles, indicating that backscattered light is attributed to first coupling into a localized particle plasmon and then re-radiating back. The other component that contributes to the observed backscattered light is specularly reflected light. Square particles scatter light substantially more than circular and triangular shapes. This can be explained by at least two reasons: (1) the fact that the surface area (as well as the particle volume) is larger for squares compared to the other shapes, and (2) the effective inter-particle distance is less for square particles than for circular and triangular particles of the same size. Theoretical calculations predict that metal particles of larger size scatter light more efficiently and close proximity between particles causes their strong interaction, generating highly enhanced local fields. Both these effects are manifested in high scattering for square particles with a separation distance of 40 nm.
The backscattering at 633 nm (Fig. 6 , left) displays similar patterns as that for 488 nm but with stronger relative scattering and a shift in maxima towards longer wavelengths. The visible difference is seen in the triangular particle size, where maxima are shifted towards larger particle sizes, from the size of 200 nm at 488 nm (Fig. 4) to 225 to 250 nm at 633 nm (Fig. 6) . Interestingly, areas of small triangular particles (100-125 nm) display absorptive properties as shown in the images by darker areas. We questioned whether the sub-arrays with small particles were damaged during the biochemistry with buffer and proteins, due to limited adherence to the glass substrate. However, we believe that it was important to perform studies using environmental conditions that are similar to those expected in real biological samples, and rendering the metallic particles to the biological environment has a practical value. Our observations imply that the practical application of metallic arrays to practical biosensing will require additional studies of particle adherence to substrate surfaces when exposed to various chemical compositions of biological samples. Such studies are beyond the scope of this report.
We did not observe the effect of periodicity on scattering, which is likely due to the large numerical aperture of the objective and illumination of a small number of particles at one time. The large angle of light acceptance of about 728 (NA 0.95, air) will wash out the potential angle-dependent radiation pattern. Such periodicity effects have been reported for fluorescence above metallic periodic gratings 29 and subwavelength nanoholes 30, 31 as a diffraction pattern in fluorescence and transmission light.
Fluorescence Enhancement Using Silver Periodic Arrays. The enhanced fluorescence was calculated as a ratio of the average signal of the sub-arrays (using three sub-array replicates) to the average signal on the glass substrate (area between sub-arrays). Figure 5 shows the size-dependent and inter-particle-separation-dependent fluorescence enhancements for the three particle shapes. One would imagine that high backscattering should result in less fluorescence because of inefficient excitation of fluorophores through the Ag particles ( Fig. 3 ). This would be observed if the backscattered light originated from back-reflected excitation light; however, backscattering observed for Ag sub-arrays is related to the scattering efficiency of the silver particle plasmon resonance, which effectively enhances fluorescence and couples it back to the glass substrate. Therefore, due to the interaction of the fluorophores and plasmon, we observe a strong correlation between backscattering and fluorescence enhancement for both (Fig. 6) . The longer excitation wavelength (633 nm) resulted in a maximum of backscattered light and a shift in the fluorescence enhancement toward the larger particle size, which is in agreement with theoretical calculations. The observed maximum enhancements are about 15 fold for closely spaced square nanoparticles at a separation of 40 nm. The maximum enhancement decreases for larger separations between particles to about 7 to 11 fold. The calculated enhancements are most likely underestimated because the observation was performed through the glass. The energy radiated by emitting molecules in the direction of the glass is higher than in buffer. For randomly oriented molecules positioned close to the glass surface, the energy partition is about 70% into the glass and 30% into water. 32 From our observation of MEF using silver islands, we usually observed similar fluorescence intensities from both directions (through the glass and above the silver islands). In this regard, we can estimate that our enhancement values are about 1.4-fold lower than would be observed at equal partitioning of energy in the directions of the buffer and glass. Nonetheless, the enhancement values are in the range of other reports on silver and gold arrays. Fluorescence of rhodamine 6G was enhanced by a factor of 2.5 and 8.0 on silver ellipsoids excited along the long and short axes, respectively. 21 Fluorescence enhancements in the range from 21 to 33 were observed for CdSe/ZnS nanocrystals on gold particle arrays with triangular prisms and cylinders. 33 Similar enhancements were obtained for single silver nanoprisms 34 and gold nanoshells 35 where the displayed plasmon spectra overlap with the spectra of fluorophores in a visible and near-infrared wavelength range, respectively. The fluorescence of silicon quantum dots was also enhanced 7 fold in the presence of silver arrays. 36 The similar enhancements observed for FITC and Cy5 are likely due to the broad surface plasmon spectra, as has been reported for similar silver arrays. 3, 32 This can be regarded as beneficial for multiplexed assays in which several spectrally different fluorophores can be used simultaneously with the single particle array, resulting in similar enhancement factors. The high density of silver particles provides conditions for near-field effects that enhance excitation light and alter radiative and nonradiative decay rates of nearby fluorophores. The simultaneous illumination of several particles with polarized laser light generates the local field enhancements where the light is confined effectively in the gaps between particles. In the case of an array, high local fields appear between particle pairs in vertical and horizontal orientations relative to the polarized light. 37 This means that high local field enhancement can be effectively generated, which causes the fluorescence of both dyes to be enhanced by the high absorption rates at excitation wavelengths. The largest enhancements of local fields (E) are generated at the particle tips. Previous models have shown that the field intensity enhancements (jEj 2 ) for triangular prisms, rods, and spheroids are on the order of 3000 to 5000 times larger than the applied field. 5, 8, 12 However, our fluorescence data showed lower intensity enhancement for triangular particles as opposed to circular and square particles. The discrepancy between the expected high electric field enhancement of triangular particles and the lower average fluorescence enhancements can be explained in a few ways. First, the average area occupied by a triangular particle is less than half that of the same lateral size square particle (e.g., for a size of 200 nm, the triangular area is 1.73 3 10 4 nm 2 compared with 4 3 10 4 nm 2 for a square), so the non-enhanced fluorescence from the glass substrate (between particles) contributes to the calculated average signal. Secondly, the enhanced field from sharp triangular corners decays faster with distance than the enhanced field from less sharp surfaces. 3, 5 Finally, the plasmon resonance spectra for triangular particles can be shifted towards longer wavelengths beyond the excitation and emission wavelengths used for FITC and Cy5. The shift in fluorescence enhancement towards larger particle size (Figs. 5 and 6 ) suggests this hypothesis. To maximize fluorescence enhancement with triangular particles, it is likely that a higher density of particles is required with tipto-tip orientation, as has been modeled for particle dimers. 8 The second effect of the enhanced fluorescence is due to the interaction of excited fluorophores with particle surface plasmons, which leads to increased radiative rates, coupling to metal surface plasmons, and scattering into the far field. Highly effective scattering of metallic particles results in high fluorescence enhancement, as is demonstrated in Figs. 4 through 6. The observed maxima in the fluorescence enhancement at specific particle sizes illustrate the tradeoff between the high local field around the surface of the particles and their ability to scatter light into the far field. Previous models have shown that the smaller particles generate higher local fields but have lower scattering efficiencies than the larger particles. 8 The interaction of excited fluorophores with plasmons also results in an increased nonradiative decay rate, which dominates at very small distances and can be observed as fluorescence quenching. In our case, such a quenching effect of metallic particles is minimized because the average distance between the fluorophores and the surface is defined by the IgG size, which can be estimated as about 5 nm for randomly labeled fluorophores within the IgG.
CONCLUSION
We have studied the optical properties of Ag arrays and their effects on fluorescence enhancement. The average fluorescence enhancement strongly depends on the size and inter-particle spacing and less on the excitation/emission wavelength. The current study demonstrates a strong correlation between the backscattering of light from two-dimensional silver particle arrays and fluorescence enhancement of probes deposited on the surface of the arrays. The most promising geometrical configurations that produce the largest enhancements are densely packed square-shaped particles that display highly scattering properties. Our studies confirm that the scattering properties of plasmons are dominant factors in obtaining efficient fluorescence enhancement. Similar conclusions on the relationship between the scattering properties of plasmonic structures and fluorescence enhancement were obtained using gold nanoshells with tunable plasmon spectra. 34 Thus, studies of scattering properties of metallic nanostructures provide direct insights into potential fluorescence enhancements that can lead to the design of desired plasmonic materials for fluorescence applications.
